Introduction
The provirus integration sites for Moloney murine leukemia virus (PIM) kinases are a highly conserved family of serine/threonine kinases (1, 2) . The PIM kinase family is composed of 3 different isoforms, PIM-1, PIM-2, and PIM-3, which share high homology at the amino acid sequences (3) and have functional redundancy (4) . PIM-2 kinase is expressed in hematopoietic cells and functions by phosphorylating various target substrates and thus subsequently affects cell survival, cell proliferation, transcriptional activation, and protein translation. Major studies in cancer cell signaling demonstrated that PIM-2 kinase is intimately involved in the survival and proliferation of different cancer cell types, such as B cell lymphoma (5) , multiple myeloma (6) , and prostate cancer (7, 8) , suggesting that it could be a potential therapeutic target for cancer therapy. Despite a growing interest in targeting PIM-2 kinase, there is not yet a specific PIM-2 inhibitor in the clinic, possibly owing to specificity issues relating to the similar structure of PIM isoforms (9) . pan-PIM inhibitors were evaluated in several clinical trials, but have been shown to have limited efficacy, possibly pertaining to their ability to inhibit all 3 isoforms (10) (11) (12) .
The activation of PIM-2 kinase can occur via signal transduction JAK/STAT pathways (Janus kinase and signal transducer and activator of transcription) and subsequently regulate the activity of its downstream effectors (13) . The prosurvival protein BAD (Bcl-2-associated death promoter) has been identified as one of the PIM-2 target substrates. Phosphorylation of BAD by PIM-2 kinase on Ser-112 reverses BAD-induced cell death and inhibits apoptosis in hematopoietic cell lines (14) . PIM-2 kinase has also been implicated in regulating glycolysis by phosphorylating PKM2 (pyruvate kinase M2), which increases the rate of glycolysis and proliferation in cancer cells (15) . PIM-2 overexpression in colorectal cancer cells led to increased glycolysis and energy production (16) . In addition, inhibition of PIM-2 kinase significantly reduced the growth of multiple myeloma cells (6, 17) . This mechanism is thought to occur in part by PIM-2 phosphorylating TSC2, a negative regulator of mTORC1. Furthermore, a recent study has demonstrated that treatment with a novel PIM-2 inhibitor (JP11646) suppressed multiple myeloma cell proliferation and reduced tumor growth in xenogeneic myeloma mouse models (18) .
Alternatively, PIM-2 kinase is able to promote cell cycle arrest and apoptosis under certain circumstances. A previous study revealed that overexpressing PIM-2 in HeLa cells increased apoptosis in a p73-dependent manner, as coexpression of PIM-2 with a dominant-negative form of p73 abrogated this phenotype (19) . Moreover, PIM-2 kinase is able to inhibit cell proliferation through phosphorylation of the cell cycle inhibitor p21Cip1/WAF1 (p21) and enhances p21 stability in HCT116 cells (20) .
Very little is known about how PIM-2 activity influences primary T cells, as previous reports of its role are unclear. PIM-1 and PIM-2 kinases are required for rapamycin resistance upon T cell activation; therefore, the lack of these kinases in vivo has been shown to promote rapamycin sensitivity (21) . In addition, the previous report demonstrated that the phosphorylation of Foxp3 by PIM-2 kinase decreased suppressive functions of regulatory T cells (Tregs) (22) . In contrast, PIM-2 kinase was previously shown to act as a negative regulator of suppressor of cytokine signaling 1 (SOCS-1) in T cells, and the phosphorylation protects SOCS-1 from degradation (23) .
PIM kinase family members play a crucial role in promoting cell survival and proliferation via phosphorylation of their target substrates. In this study, we investigated the role of the PIM kinases with respect to T cell responses in transplantation and tumor immunity. We found that the PIM-2 isoform negatively regulated T cell responses to alloantigen, in contrast to the PIM-1 and PIM-3 isoforms, which acted as positive regulators. T cells deficient in PIM-2 demonstrated increased T cell differentiation toward Th1 subset, proliferation, and migration to target organs after allogeneic bone marrow transplantation, resulting in dramatically accelerated graft-versus-host disease (GVHD) severity. Restoration of PIM-2 expression markedly attenuated the pathogenicity of PIM-2-deficient T cells to induce GVHD. On the other hand, mice deficient in PIM-2 readily rejected syngeneic tumor, which was primarily dependent on CD8 + T cells. Furthermore, silencing PIM-2 in polyclonal or antigen-specific CD8 + T cells substantially enhanced their antitumor response in adoptive T cell immunotherapy. We conclude that PIM-2 kinase plays a prominent role in suppressing T cell responses, and provide a strong rationale to target PIM-2 for cancer immunotherapy.
PIM-2 protein kinase negatively regulates T cell responses in transplantation and tumor immunity mTOR and a well-known immunosuppressive drug used in solidorgan as well as allo-BMT. However, administration of rapamycin alone is minimally effective to control GVHD (27) . Therefore, we hypothesized that PIM kinase activity may promote T cell alloresponse in parallel with mTOR and that inhibition of PIM would synergize with rapamycin to control GVHD development. To address this question, we used genetically mutant mice on an FVB background that are deficient for either single, double, or triple kinase of the PIM family. T cell development in thymus was not affected by any PIM kinases as shown previously (28) . We also verified that there was no significant difference in T cell composition such as CD4 + , CD8 + , and regulatory T cells in peripheral lymphoid organs across various strains (Supplemental Figure 1 , A-C, and data not shown; supplemental material available online with this article; https://doi.org/10.1172/JCI95407DS1).
To test the role of PIM kinases in the ability of T cells to induce GVHD, we transferred WT, PIM-1 single-KO (PIM-1 . These results suggest a dominant role of PIM-2 kinase in regulating T cell pathogenicity in GVHD induction and reveal a previously undefined role of PIM-2 kinase, which potently inhibits T cell alloresponses and GVHD induction distinct from PIM-1 and PIM-3 isoforms. Hereafter, we focused our study on PIM-2 -/-with WT and PIM-1/3 -/-T cells as controls.
In the current work, we attempted to understand how PIM kinases regulate T cell responses using preclinical models of allogeneic bone marrow transplantation (allo-BMT) and syngeneic models of solid tumors. We demonstrated that PIM-2-deficient T cells undergo robust activation upon T cell receptor (TCR) stimulation. After being transferred into preconditioned allogeneic recipients, PIM-2 -/-T cells exhibit enhanced Th1 differentiation, expansion, and migration to target organs resulting in accelerated acute graft-versus-host disease (GVHD) severity. Mechanistic studies revealed that PIM-2-deficient T cells downregulated SOCS-1 and p73 and upregulated IL-9R after allogeneic stimulation, which promoted T cell survival, proliferation, and proinflammatory cytokine production. Mice deficient in PIM-2 rejected syngeneic tumors primarily through CD8-mediated antitumor responses. Furthermore, adoptive transfer of polyclonal or antigen-specific CD8 + T cells in which PIM-2 kinase was either deficient or silenced demonstrated superior antitumor activity. In addition, the enhanced IL-9R expression and signaling in PIM-2 -/-T cells may contribute to augment their antitumor activity. Taken together, this is, to our knowledge, the first study to show the unique role of the PIM-2 kinase in T cell responses to alloantigen and tumor cells.
Results
Distinct roles of PIM kinases in T cell alloresponse after BMT. PIM kinases promote tumor growth by accelerating cell cycle progression and reducing cell apoptosis (24, 25) . Therefore, PIM inhibitors have been proposed as a means for controlling tumor growth in both solid and hematologic malignancy (10, 26) . While little is known about the mechanism by which the PIM kinases can regulate immune responses in primary T cells, Fox et al. demonstrated that the PIM kinases can control the survival and activation of primary T cells that are resistant to rapamycin (21) , an inhibitor of Figure 1 . Distinct roles of PIM kinases in T cell alloresponses after BMT. WT B6 mice were lethally irradiated at 950-1,000 cGy. These recipients then underwent transplantation with WT TCD-BM alone or plus 2 × 10 6 total T cells isolated from WT, PIM-1
, PIM-2/3 -/-double-KO, or PIM-1/2/3 triple-KO (TKO) on an FVB background. Recipient mice were monitored for survival (A and C) and body weight changes (B and D) over time. The data shown in A and B were pooled from 2 replicate experiments (n = 10-12 per group), while the data in C and D were obtained from 1 experiment (n = 5-6 per group). Significance was determined by log-rank test. *P < 0.05, **P < 0.01, ***P < 0.001. PIM-2 kinase suppresses T cell ability to induce acute GVHD. To assess the role of PIM-2 kinase in GVHD induction, we carried out allo-BMT from FVB into BALB/c. Consistent with the results in B6 recipients (Figure 1 ), PIM-2 -/-T cells induced lethal acute GVHD in BALB/c recipients within 10 days after BMT. The recipient mice had a significantly higher body weight loss with bloody diarrhea ( Figure 3A ). To better quantify the pathogenicity of PIM-2 -/-T cells, we titrated the number of T cells needed for the induction of acute GVHD and found that as few as 50,000 PIM-2 -/-T cells could still induce lethal acute GVHD (Supplemental Figure 2A) . Given that such a low number of WT T cells are incapable of inducing acute GVHD (Supplemental Figure 2B) , these data highlight the increased activity of PIM-2 -/-T cells in acute GVHD induction. To exclude the possibility that the pathogenicity of PIM-2 -/-T cells was independent of allorecognition, we transferred these cells to Figure 1E) .
We then measured T cell activation and proliferation upon alloantigen stimulation in vitro. As reflected by CFSE dilution and IFN-γ production, PIM-2 -/-CD4 + T cells showed a significant increase in T cell proliferation compared with WT and PIM-1/3 -/-
CD4
+ T cells, whereas PIM-2 -/-CD8 + T cells proliferated similarly to WT but more than PIM-1/3 -/-CD8 + T cells ( Figure 2 , A and B). Moreover, IFN-γ production of WT CD4 + T cells was substantially lower than that of PIM-2 -/-CD4 + T cells; however, no difference was observed in IFN-γ production of CD8 + T cells between these 3 groups. These data suggest that PIM-2 kinase suppresses CD4 + T cell proliferation and differentiation to Th1 cells in vitro.
To further evaluate the role of PIM-2 kinase in T cells in vivo, PIM-2 -/-T cells isolated from FVB donors were transferred into irradiated allogeneic BALB/c recipients (H-2 d ). Four days after allogeneic stimulation, donor T cells (H-2 q ) were harvested from spleen and mesenteric lymph node (mLN). Compared with controls, an increased frequency of PIM-2 -/-donor T cells was observed in the spleen and mLN, suggesting that PIM-2 -/-T cells had higher proliferation ability in vivo as well as increased migration to both the gut and draining lymph nodes. As reflected by -/-mice were stimulated with anti-CD3 (5 μg/ml) and anti-CD28 (5 μg/ml). After 48 hours of activation, T cells were transduced with lentivirus encoding GFP or PIM-2-GFP. Twenty-four hours after transduction, 3 × 10 6 activated T cells per mouse were transferred into lethally irradiated BALB/c mice with 5 × 10 6 TCD-BM per mouse. Survival and body weight loss were monitored (n = 10 mice per group). Data are representative of 2 independent experiments, and significance was determined by log-rank test. *P < 0.05, ****P < 0.0001.
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could alleviate GVHD severity. To accomplish this experiment, preactivated T cells were transduced with a lentivirus expressing PIM-2/GFP or GFP only as a control vector. Similar levels of virus transduction, 60%-70% GFP + cells, were obtained in both cell types ( Figure 3B ). The expression level of PIM-2 protein was also confirmed by Western blot analysis ( Figure 3C ). Importantly, syngeneic FVB recipients. Similarly to WT or PIM-1/3 -/-T cells, as many as 2 × 10 6 PIM-2 -/-T cells failed to induce any signs of GVHD (Supplemental Figure 2C) .
To address whether the absence of PIM-2 was truly responsible for the enhanced ability of T cells to cause acute GVHD, we investigated whether restoring PIM-2 expression on PIM-2 -/-T cells experiments (n = 7-10 mice per group) and are shown as mean ± SEM by 1-way ANOVA and Tukey's HSD post hoc analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. jci.org
T cells transduced with PIM-2-expressing vector had a reduced ability to induce GVHD ( Figure 3D ) compared with PIM-2 -/-T cells transduced with empty vector. Taken together, these results clearly demonstrated that PIM-2 potently suppressed T cell activation and function in the induction of acute GVHD.
Because several pan-PIM inhibitors have been developed to treat multiple types of cancer, as a result, we have also studied the effect of the pan-PIM inhibitor AZD1208 in GVHD models. AZD1208 was shown to inhibit all 3 PIM isoforms with IC 50 of 0.4 nM, 5 nM, and 1.9 nM for PIM-1, PIM-2, and PIM-3, respectively (10) .
Using AZD1208 inhibitor, the treatment of recipients that were transplanted with WT T cells could significantly attenuate GVHD, consistent with previous studies in tumors using this inhibitor (Supplemental Figure 3 , A and B). Our interpretation is that preferential inhibition of PIM-1 and PIM-3 isoforms by AZD1208 resulted in GVHD alleviation. On the other hand, pan-PIM inhibition did not protect the recipients of PIM-2 -/-T cells from GVHD (data not shown), which could be due to the extremely severe GVHD in these recipients. Strikingly, inhibition of PIM-2 isoform in PIM-1/3-deficient T cells with the inhibitor induced higher T cell activity and accelerated GVHD severity, with more than 75% mouse mortality within 10 days, similar to the results with genetically knocked out T cells ( Figure 3A) .
PIM-2 kinase suppresses Th1 differentiation, migration, and GVHD pathogenicity. To understand the underlying mechanisms by which PIM-2 -/-T cells induced severe GVHD, we further characterized PIM-2 -/-T cells in the recipients after BMT. Donor T cells were recovered 7 days after BMT from recipients' spleen, liver, and intestine. We measured the expression of chemokine receptor CXCR3 and integrin receptor α 4 β 7 , as their expression promotes T cell migration to GVHD target organs (31, 32) . Indeed, both CXCR3 and α 4 β 7 expression was upregulated in PIM-2 -/-donor CD4 + T cells in recipients' spleens ( Figure 4A ). Given that the generation of induced Tregs (iTregs) is associated with the severity of GVHD, we also measured iTreg generation in recipients' spleens. However, we found that the percentages of iTregs in recipients were comparable regardless of donor T cell type (data not shown).
To further elucidate the role of PIM-2 kinase in GVHD pathogenesis, donor T cells isolated from target organs, the liver and gut, were examined. PIM-2 -/-CD4 + T cells produced levels of IFN-γ similar to those produced by WT CD4 + T cells, but lower levels of IL-4/5 than WT and PIM-1/3 -/-counterparts, in the liver of recipient mice. In contrast, the percentage of IFN-γ-secreting CD8 + T cells was decreased in the PIM-2 -/-group. However, the absolute numbers of CD4 + and CD8 + T cells that produced IFN-γ were substantially increased in the liver of PIM-2 -/-recipients ( Figure 4B and Supplemental Figure 4B ), suggesting an increase of T cell infiltration into the GVHD target organs. Similarly, PIM-2 -/-T cells isolated from the intestine of recipients produced substantially higher levels of IFN-γ and Ki67 expression, a marker of cell proliferation. Moreover, given the important role of IL-17 in gut GVHD (33), we measured IL-17 production, and no difference was observed between these experimental groups with respect to IL-17 expression in the liver and gut ( Figure 4C) . A modest increase in absolute cell numbers was also observed in the intestine of PIM-2 -/-recipients. The increased absolute T cell numbers in the recipients' liver and intestine were conversely correlated with the total cell number in spleen (Supplemental Figure  4B) . We reason that PIM-2 -/-donor T cells were activated strongly in recipient spleens and then rapidly migrated to target organs in conjunction with T cell expansion locally, which resulted in severe GVHD. In addition, the percentage of dead cells among PIM-2 -/-CD8 + T cells was significantly decreased compared with WT (Supplemental Figure 4A) , suggesting that PIM-1 and PIM-3 kinases are essential for CD8 + T cell survival. Given the high pathogenicity of PIM-2 -/-T cells in GVHD, we further hypothesized that PIM-2 -/-T cells would be more efficacious in mediating a graft-versus-leukemia (GVL) response. To test this hypothesis, we used A20, a B cell lymphoma on the BALB/c background. Fifty thousand T cells per mouse were injected into BALB/c recipients to avoid induction of lethal GVHD. The recipients with transplanted BM and A20 lymphoma alone succumbed to tumor relapse by day 20, whereas the mice that received either A20 plus WT or PIM-1/3 -/-T cells had tumor relapse by day 26. In contrast, PIM-2 -/-T cells were remarkably superior in mediating the GVL response, as reflected by a substantial lower tumor burden measured with bioluminescent imaging in addition to a delay in tumor relapse (Supplemental Figure 5, A and B) .
We further evaluated the GVL effect in a clinically relevant model against GFP + MLL-AF9 (34). T cell dose was reduced to 25,000 T cells to avoid severe GVHD and early death in mice with transplanted PIM-2 -/-T cells. In fact, the T cell dose was 8-fold lower than a usual dose of T cells (2 × 10 5 T cells) used in this model. We observed a significant delay of tumor growth measured by lower percentages of GFP + cells in peripheral blood on days 21, 28, and 35 after allo-BMT ( Figure 5, A and B) . Moreover, PIM-2 -/-T cells could significantly delay the tumor growth and prolonged recipient survival from MLL-AF9 ( Figure 5C ). These data indicated that PIM-2 -/-T cells were more effective to control MLL-AF9 leukemia than WT T cells.
PIM-2 deficiency promotes host antitumor response. Because PIM-2 deficiency unleashed T cell responses to alloantigen and subsequent induction of super-acute GVHD and superior GVL effect, we further hypothesized that PIM-2 inhibition in T cells could be a potential strategy to augment antitumor activity. To test this hypothesis, we injected syngeneic TS-1 breast tumor cells (35) into WT or PIM-2 -/-FVB mice and observed that WT mice developed a tumor in the lung and died in 20-40 days. In sharp contrast, the same tumor failed to grow in PIM-2 -/-FVB mice ( Figure  6 , A-C). The same results were observed when tumor cells were implanted subcutaneously ( Figure 6D) .
To understand the underlying mechanisms, we isolated tumor-infiltrating lymphocytes (TILs) from the lungs of tumorbearing mice and evaluated their phenotype and function. As expected, the TILs in WT tumor-bearing mice had a higher frequency of infiltrating Tregs (TCRβ 
PIM-2 kinase suppresses antitumor immunity primarily mediated by CD8
+ T cells. Since PIM-2 -/-mice completely rejected TS-1 tumor cells (Figure 7 , A-C), one possibility may be that PIM-2 -/-mice were not genetically identical to tumor cells and thus tumor could be rejected by disparate antigens. To exclude this possibility, we implanted TS-1 tumor into PIM-2 +/-mice and observed that the tumor grew at the same rate as in WT controls ( Figure 7B ). Together with the observation that syngeneic BMT of PIM-2 -/-T cells did not induce any signs of GVHD (Supplemental Figure 2C) , this led us to the interpretation that PIM-2 -/-mice were of pure FVB background and syngeneic to the TS-1 tumor. Given the predominant role of CD8 + T cells in antitumor immunity, we next addressed the contribution of CD8 + T cells in tumor rejection in PIM-2 -/-mice. Indeed, depletion of CD8 + T cells in PIM-2 -/-mice resulted in 100% tumor relapse and death within 70 days ( Figure 7, A and B) . These data clearly demonstrated that CD8 + T cells played a crucial role in antitumor immunity in PIM-2 -/-mice. We next focused on the ability of PIM-2 -/-CD8 + T cells to mediate the antitumor response. To examine the activity of these cells, WT tumor-bearing mice were sublethally irradiated, then transferred with purified WT or PIM-2 -/-CD8 + T cells ( Figure  7C ). As expected, tumor-bearing mice that did not receive any T cells succumbed to tumor relapse rapidly. Consistent with a very low frequency of tumor-specific T cells in syngeneic unprimed T cells, the mice infused with WT CD8 + T cells had tumor relapse similar to that of those without T cell transfer. Strikingly, transfer of 2 million PIM-2 -/-CD8 + T cells could significantly delay tumor relapse ( Figure 7D ).
To further examine whether this antitumor response could be achieved by silencing of PIM-2 on T cells, we used lentivirus expressing shRNA to silence PIM-2 in CD8 + T cells isolated from Pmel-1 TCR-transgenic mice, whose CD8 + T cells express TCR specific to melanoma antigen gp-100. These cells were adoptively transferred to melanoma tumor-bearing mice. Upon PIM-2 silencing, T cells produced higher levels of TNF-α but a comparable level of IFN-γ cytokines ( Figure 7E ). While the adoptive transfer of Pmel-1 T cells transduced with control vector reduced tumor burden and prolonged mouse survival to some extent, Pmel-1 T cells with silenced PIM-2 were superior to these controls ( Figure  7 , F and G). These results suggested that PIM-2-silenced CD8 + T cells are more potent in mediating antitumor immunity.
PIM-2 kinase regulates T cell alloresponses through IL-9/ IL-9R signaling. To assess the molecular mechanisms pertaining to how PIM-2 negatively regulates T cell responses, we initially performed transcriptional profiling of purified T cells from WT and PIM-2 -/-mice after anti-CD3 and anti-CD28 activation. RNA sequencing analysis revealed several potential downstream transcriptional regulators (Figure 8, A and B) . PIM-2 -/- (C) Survival of recipient mice was monitored (n = 14 mice per group). Data are pooled from 2 independent experiments and shown as mean ± SEM by 1-way ANOVA and Tukey's HSD post hoc analysis (B) and log-rank test (C). *P < 0.05, ***P < 0.001, ****P < 0.0001. jci.org Volume 128
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TNF-α, HDAC9, and IL-9R were also observed ( Figure 8A ). On the other hand, negative regulators involved in T cell functions were found to be reduced in PIM- (Figure 8B) . Consistent with previous reports (23) (n = 7 mice per group). Significance was determined by log-rank test (C) and 2-way ANOVA (D). Data represent mean ± SEM by 2-tailed Student's t test (F). *P < 0.05, **P < 0.01, ***P < 0.001. jci.org Volume 128
-/-T cells, including SOCS-1, SOCS-3, CTLA-2A, IL-10, IL-4, IL-5, SMAD3, and TGFβR2
Activated T cells utilized glucose uptake and glycolysis for their energy (37) . Hence, we hypothesized that PIM-2 -/-T cells would demonstrate increased glycolysis in response to alloantigen (38) . To this end, we first sought to determine the level of phos- Figure  8A) . As p73 was also previously reported to regulate T cell apoptosis (19), we found that PIM-2 -/-T cells expressed decreased levels of p73 expression (Supplemental Figure 8B) . TS-1 tumor cells were infused into mice, and tumors were allowed to establish in WT mice for 6 days. Tumor-bearing mice were sublethally irradiated at 500 cGy followed by transfer of 2 × 10 6 CD8 + T cells isolated from WT and PIM-2 -/-mice. Irradiated tumor-bearing mice without T cell transfer were used as controls. (D) Survival of tumor-bearing mice is shown until day 100 (n = 9 mice per group). (E-G) B6 mice were injected i.v. with 5 × 10 5 B16 tumor cells and tumors that were allowed to establish for 6 days. These tumor-bearing mice were sublethally irradiated and received adoptive transfer of 1 × 10 6 Pmel-1 cells in which PIM-2 was silenced with LV-shPIM-2. (E) Virus transduction efficiency is illustrated by percentages of GFP + cells. Transduced Pmel-1 cells were stimulated with PMA and ionomycin and measured for IFN-γ and TNF-α secretion. (F) Tumor growth was monitored with bioluminescent imaging. (G) Survival of tumor-bearing mice is depicted (n = 9-10 mice per group) by log-rank test. *P < 0.05, ***P < 0.001.
PIM-2 -/-T cells compared with WT T cells (Supplemental
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jci.org Volume 128 Number 7 July 2018 ingly shown to possess antitumor activity (39, 40) . The IL-9R complex consists of IL-9Rα and a common γ (γ c ) chain, which is shared by other cytokine families such as IL-2, IL-4, IL-7, and IL-15. IL-9R was shown to signal through the phosphorylation of JAK1 and JAK3, resulting in the activation of STAT1, STAT3, and STAT5. The deficiency of IL-9R or IL-9 neutralization has previously been shown to attenuate inflammatory diseases (41, 42) . We initially investigated Th9 and Tc9 differentiation of PIM-2 -/-T cells under IL-9 polarizing conditions. Consistently, upregulation of IL-9R was associated phorylated S6 (p-S6), a hallmark of mTOR activation. Indeed, p-S6 was significantly increased in PIM-2 -/-CD4 + T cells (Supplemental Figure 8C ). These data were correlated with the higher production of IFN-γ and GVHD severity induced by PIM-2 -/-T cells. Hence, these transcriptional and metabolic changes are associated with increased antitumor immunity in PIM-2 -/-T cells. As we observed an increase of IL-9R RNA level, we hypothesized that the IL-9/IL-9R axis could confer enhanced antitumor immunity. Furthermore, Th9 and Tc9 subsets have been increas- ing has been shown to activate the STAT family. We observed an increased level of STAT1 mRNA, which could be due to stronger IL-9R signaling in PIM-2 -/-T cells. Indeed, we found that phospho-STAT1 (p-STAT1) was upregulated in PIM-2 -/-T cells isolated from tumor sites after restimulation with recombinant IL-9 ( Figure 9C ). This result is also correlated with upregulation of FasL on TILs of PIM-2 -/-T cells, which is in line with a previous study showing that activation of STAT1 was required for FasL expression (46) . Collectively, our results have unraveled the role of the PIM-2 isoform, as distinguished from its family members, in T cells.
Discussion
Pan-PIM kinase inhibition in both tumor cells and T cells has been previously shown to reduce cell proliferation and survival (10, 47) . The specific inhibition of PIM-2 also showed some promising results by delaying tumor burden in a multiple myeloma murine model (18) . However, the effect of targeting PIM-2 kinase in primary T cells has not been previously investigated. In the current study, we observed that PIM-2-deficient T cells induced extremely severe GVHD after allo-BMT. Upon alloantigen activation, PIM-2 -/-T cells rapidly expanded and differentiated into the Th1 subset with a simultaneous upregulation of CXCR3 and α 4 β 7 , whose elevated expression is known to promote T cell migration into GVHD target organs (32, 48) . In contrast, PIM-1/3
-/-T cells demonstrated reduced T cell trafficking and less ability to proliferate as well as to produce cytokines. These physiological changes resulted in less severe GVHD than WT T cells. These results indicate that PIM-2 kinase negatively regulates T cells' responses to alloantigen and thus their pathogenicity to induce GVHD whereas PIM-1 and PIM-3 isoforms are positive regulators. Strikingly, PIM-2 -/-mice mediated robust rejection of syngeneic tumor primarily in a CD8 + T cell-dependent manner. Furthermore, this superior antitumor immunity in the absence of PIM-2 kinase is associated with upregulation of IL-9R expression, inflammatory cytokines, and FasL in conjunction with lower levels of infiltrated Tregs as well as PD-1 expression among TILs. These data indicate that PIM-2 expression suppresses T cell immunity against tumors. CD8 + T cells play a critical role in mediating antitumor responses in PIM-2 -/-mice as evidenced by the observation that depletion of CD8 + T cells abolished the antitumor effect in these mice. The CD4 + T cell subset may partially assist CD8 + T cells in tumor regression; however, adoptive transfer of polyclonal PIM-2 -/-CD4 + T cells alone or the combination of PIM-2 -/-CD4 + and CD8 + T cells into tumor-bearing mice did not protect mice from tumor relapse (Supplemental Figure 6 ). This result could be due to high plasticity of CD4 + T cells that may convert into iTregs in the tumor microenvironment (49) . Nevertheless, adoptive transfer of polyclonal PIM-2 -/-CD8 + T cells and antigen-specific CD8 + T cells with silenced PIM-2 could substantially delay tumor growth. Furthermore, we excluded the possibility that NK cells mediated antitumor responses, since NK cells are defective in PIM-2 -/-mice and the same tumor readily grew in PIM-2 +/-mice. In the current work, we primarily studied the properties of PIM-2 -/-T cells against syngeneic TS-1 breast tumor; however, in with an increase of Th9 and Tc9 cell differentiation after polyclonal stimulation ( Figure 8C) . A significant increase of IL-9R expression has been confirmed in PIM-2 -/-CD4 + T cells after allogeneic stimulation ( Figure 8D ). Thus, we further investigated the function of IL-9 signaling in vitro and found that blocking of IL-9R is more pronounced in PIM-2 -/-T cells as reflected by markedly reduced T cell proliferation and IFN-γ production of CD4 + T cells ( Figure 8E ).
PIM-2-deficient T cells augment antitumor activity via IL-9R/ STAT1 signaling.
We then extended these studies in vivo by further examining TILs isolated from tumor-bearing mice. HIF1α is a transcription factor that plays a key role in proinflammatory cytokine production. Loss of HIF1α resulted in enhanced Treg differentiation and protected mice from autoimmune disease (43, 44) . Although the previous study had shown that PIM-2 interacts with HIF1α and enhances HIF1α transcription under hypoxic conditions in HepG2 human liver cancer cells in vitro (45), we observed that PIM-2 -/-T cells in tumors augmented HIF1α mRNA activity. In addition, the TILs from tumor-bearing PIM-2 -/-mice increased IL-9R and GZMB expression but decreased IL-10 and SOCS-1 mRNA levels ( Figure 9A ).
Similar induction of IL-9R expression was also observed in TILs isolated from PIM-2 -/-mice ( Figure 9B ). IL-9/IL-9R signal- late Foxp3 and negatively regulate Treg suppressive function and stability (22) . However, these studies did not distinguish between the roles of PIM-2 kinase on natural Tregs (nTregs) and iTregs. The dextran sulfate sodium-induced colitis used in this study may not directly reflect the effect of PIM-2 kinase on Tregs. In contrast, we did not observe an effect of PIM-2 kinase on iTreg generation in a GVHD model (data not shown), but found that PIM-2 kinase promotes Treg infiltration to tumor sites and suppresses T cell response. Collectively, our data suggest that PIM-2 kinase clearly functions differently in malignant cells versus primary T cells. PIM-2 kinase has been identified as interacting with substrates that are involved in apoptosis, cell cycle, metabolism, and cytokine signaling pathways. We observed that the molecular mechanisms underlying the augmented ability of PIM-2 -/-T cells to induce acute GVHD are a consequence of the downregulation of proapoptotic protein, p73, and SOCS-1. The robust Th1 polarization of PIM-2 -/-T cells after alloantigen stimulation enhanced T cell proliferation and migration to target organs and was responsible for lethality in mice. The deficiency of PIM-2 in T cells upregulated memory-associated genes such as TCF7, which was shown to promote long-term memory T cells (53) . In addition, these memoryassociated genes correlated with the level of Blimp-1. Prdm1 -/-T cells augmented the formation of memory-precursor cells (54) . From our RNA sequencing data, we observed downregulation of BLIMP-1 in conjunction with upregulation of IL-2, which promotes T cell survival. PIM-2 kinase may regulate Blimp-1 through IL-2 repression and thereby suppress T cell functions (55) .
Furthermore, our data demonstrate that PIM-2 kinase downregulated several cytolytic markers that are essential for cytotoxic T lymphocyte functions and served to further suppress T cell activity such as FasL, IFN-γ, and TNF-α. A molecule that could potentially also be regulated by PIM-2 kinase and promote T cell function is IL-9R. We observed an upregulation of IL-9R in PIM-2 -/-cells among the TILs; IL-9R is required for JAK/ STAT pathway activation (56) . A recent study demonstrated that human melanoma-infiltrating CD4 + CD8 + double-positive T cells expressed a high level of IL-9R. IL-9/IL-9R signaling was demthe clinic, autotransplant in patients with breast cancers has not been successful. Nevertheless, the non-immunogenicity of breast cancers is known, due to their heterogeneous mixture of different molecular subtypes with diversity in gene expression patterns (50) . Tumor-infiltrating lymphocytes that recognize certain subsets of breast tumors are responsible for cancer therapy and are correlated with patient survival. For example, the CD8 + T cells that infiltrate into breast cancer tissue were associated with a decrease of breast cancer-specific mortality in the subcohort of ER-negative tumors and ER-positive/HER2-positive tumors (51) . On the basis of our data, the immunogenicity of the TS-1 tumor cell line is as low as that of human breast cancers, since the transfer of syngeneic WT CD8 + T cells had no effect in controlling tumor growth. However, PIM-2 -/-T cells could promote T cell responses against low-immunogenic tumors, which highlights the advantage of targeting PIM-2 kinase in T cells for cancer immunotherapy.
PIM-2 kinase was initially described as a regulator of cell apoptosis in different tumor cell lines and could maintain cell survival independent of PI3K and Akt pathways (14, 24) . As a result, several studies have shown that PIM-2 kinase is a potential target for inhibiting cancer cell growth. Consistent with a previous study demonstrating that pan-PIM inhibitor blocked T cell acute lymphoblastic leukemia (T-ALL) growth and induced apoptotic cell death (52), we showed here that silencing PIM-2 kinase in murine T cell leukemia, T-ALL, and EL-4 (lymphoma cell line) sensitized tumor cells to apoptosis (Supplemental Figure 7, A and B) . However, other studies showed that PIM-2 could have an opposite role under different conditions and thereby suppress cell survival and proliferation (19, 20) .
Although PIM-2 was previously identified as promoting rapamycin-resistant T cell activation (21) , it was also shown to prevent SOCS-1 from degradation and induce T cell anergy (23) . Along the same lines, we observed a decreased level of SOCS-1 on activated PIM-2 -/-T cells, supporting that PIM-2 kinase controls SOCS-1 stability. Moreover, this observation is in parallel with the in vivo finding that PIM-2 deficiency results in T cell hyperactivation and high levels of inflammatory cytokines in both GVHD and tumor models. Recently, PIM-2 kinase was shown to phosphory- Western blotting. Whole-cell lysates were collected using lysis buffer supplemented with the protease inhibitor cocktail solution according to the manufacturer's protocol (MCL-1, Sigma-Aldrich). Cell lysates were electrophoresed in precast polyacrylamide gel and blotted onto PVDF membranes (Bio-Rad Laboratories Inc.). After blocking with 5% nonfat dry milk, the membranes were incubated with primary antibodies overnight at 4°C, followed by washing and addition of a horseradish peroxidase-conjugated secondary antibody onstrated to enhance T cell survival, proliferation, and cytolytic activity through granzyme B (57) . IL-9 is also known to inhibit cell apoptosis, and it was previously shown in mouse neurons that IL-9 reduced the expression of the proapoptotic molecule Bax (58) . The increased level of IL-9R, STAT1 activation, and FasL expression in TILs of PIM-2 -/-T cells may augment T cell survival and enhanced antitumor activity (Figure 10 ).
Adoptive T cell immunotherapy has been shown to successfully eradicate tumors. Several strategies have been developed to improve the efficacy of T cell immunotherapy -for example, selection of potent T cell subsets (53) , cytokine administration to improve T cell survival (59) , engineering of T cell receptors (chimeric antigen receptors) to specifically target cell surface molecules (60) , and blocking of the immune checkpoint on T cells, such as PD-1, PD-L1, or CTLA-4, using monoclonal antibodies (61) . Combinational strategies have also shown promising results in treating metastatic cancer (62) . Our data provide evidence that targeting PIM-2 kinase has a therapeutic potential in combination with adoptive T cell immunotherapy.
In summary, we have distinguished the unique activities of the PIM-2 kinase in T cells, which were opposed to the functions of its other family members, PIM-1 and PIM-3. These findings raise concerns that pan-PIM inhibition may have disadvantages in the context of suppressing the patient's immune responses and inducing T cell anergy. Because PIM-2 kinase negatively regulates T cell-mediated GVH and GVL responses, targeting of PIM-2 kinase may not be applicable in allogeneic hematopoietic cell transplantation (HCT), since it might exacerbate GVHD. In contrast, PIM-1 and PIM-3 isoforms may serve as potential therapeutic targets for alleviating GVHD. Importantly, our findings reveal a biological role of PIM-2 kinase in T cell immunity that had not been previously defined. They provide a strong rationale to target PIM-2 kinase for immunotherapy against hematologic malignancy with autologous HCT, as well as against solid tumors, particularly in adoptive T cell therapy. T cell purification. T cells were purified from spleen and lymph nodes by negative selection with magnetically labeled biotin-conjugated antibodies against CD45R (clone RA3-B2), CD49b (clone DX5), CD11b (clone M1/70), and Ter-119 (clone Ter-119; all antibodies were from eBioscience) and anti-biotin microbeads (Miltenyi Biotec). T cells were depleted from BM (TCD-BM) using magnetically labeled CD4 (clone GK1.5, eBioscience) and CD8 (clone 53-6.7, eBioscience) biotin-conjugated antibodies.
GVHD and GVL models. Recipient female mice (8-10 weeks old) were lethally irradiated at 700 cGy for BALB/c or 1,100 cGy for B6 and FVB (split dose) using an X-RAD 320 irradiator (Precision X-Ray Inc.). Syngeneic (FVB) or allogeneic (BALB/c) irradiated mice underwent jci.org Volume 128 Number 7 July 2018
Study approval. All mice were housed in a pathogen-free facility at the American Association for Laboratory Animal Science-accredited Animal Resource Center at the Medical University of South Carolina. All animal studies were performed under protocols approved by the Institutional Animal Care and Use Committee at the Medical University of South Carolina.
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Lentiviral transduction. Lentiviral vectors of mouse PIM-2 (mGFPtagged, MR222342L2) and shRNA-PIM-2 (24) were generated and purchased from Origene Inc. Lentiviral particles were produced by 293T cells (ATCC) according to standard protocols (65, 66) . Purified T cells were activated for 48 hours in a plate coated with 5 μg/ml anti-CD3 (145-2C11, Bio X Cell) and 5 μg/ml anti-CD28 (37.51, Bio X Cell). Lentivirus with T cells was spin-infected at 32°C for 2 hours in the presence of 5 μg/ml protamine sulfates (P2162, Sigma-Aldrich). After overnight transduction, cells were washed and checked for transduction efficiency with flow cytometry (GFP) or Western blot analyses before being used for experiments.
RNA isolation, reverse transcription, and quantitative PCR. Total RNA was extracted from TILs using Trizol (Invitrogen). cDNA was generated from 1 μg total RNA using iScript cDNA Synthesis Kit (BioRad Laboratories Inc.). SYBR Green incorporation of quantitative PCR was performed using a SYBR Green mix in the CFX96 Detection System (Bio-Rad Laboratories Inc.). Samples from each experimental condition were run in duplicates and were normalized to β-actin. Primer sequences were obtained from Primer Bank.
Statistics. For comparison of recipient survival and tumor mortality rate in all experiments, the log-rank (Mantel-Cox) test (GraphPad Prism software, version 7) was used to determine statistical significance. To compare cell frequency and cytokine and cytolytic marker expression, a 2-tailed Student's t test or a nonparametric MannWhitney test was performed to determine any statistical differences between 2 groups. Based on graphical evaluation of distributions of flow cytometry endpoints using histograms and quantile-quantile plots, data were log-transformed to induce approximate normality and stabilize variance across groups before data analysis. Group means were then estimated using 1-way ANOVA, and Tukey's honest significant difference (HSD) post hoc analysis was used to adjust P values for multiple pairwise comparisons between conditions. A P value less than 0.05 was considered to be statistically significant.
